Replicating virus vectors are attractive tools for anticancer gene therapy, but the potential for adverse events due to uncontrolled spread of the vectors has been a major concern. To design a tumor-specific retroviral replicating vector (RRV), we replaced the U3 region of the RRV ACE-GFP with a regulatory sequence consisting of the hepatitis B virus enhancer II (EII) and human α-fetoprotein (AFP) core promoter to produce ACE-GFP-EIIAFP, a hepatocellular carcinoma (HCC)-targeting RRV. Similar to ACE-GFP, ACE-GFP-EIIAFP exhibited robust green fluorescent protein (GFP) expression in HCC cells and, most importantly, it exhibited HCC-specific replication and did not replicate in non-HCC tumor cells or normal liver cells. We sequenced the promoter region of ACE-GFP-EIIAFP collected from serial infection cycles to examine the genomic stability of the vector during its replicative spread, and found that the vector could retain the hybrid promoter in the genome for at least six infection cycles. In vitro studies revealed that ACE-CD-EIIAFP and ACE-PNP-EIIAFP, which express the yeast cytosine deaminase and Escherichia coli purine nucleoside phosphorylase, respectively, exert a highly potent cytotoxic effect on HCC cells in the presence of their respective prodrugs. In vivo, ACE-CD-EIIAFPmediated suicide gene therapy efficiently suppressed HCC tumor growth and no detectable RRV signal was observed in extratumoral tissues. These results suggest that the tumor-specific, suicide-gene-encoding RRV may fulfill the promise of retroviral gene therapy for cancer.
INTRODUCTION
Vectors derived from murine leukemia virus (MLV) have been widely employed for delivering genes to cancer cells in vitro and in vivo. MLV-based retrovirus vectors possess several inherent advantages in cancer gene therapy, including low immunogenicity, 1-3 transduction only to actively dividing cells [4] [5] [6] and stable expression of transgenes by integration into the target cell DNA. Conventional retrovirus vectors are replication defective because the viral genes gag, pol and env are removed to develop a safer gene delivery carrier; however, it has become clear that defective retrovirus vectors are generally incapable of efficient gene delivery when they are administered in vivo. [7] [8] [9] [10] [11] [12] [13] To improve the gene delivery efficiency of retrovirus vectors, we have constructed a series of retroviral replicating vectors (RRVs) derived from MLV. [14] [15] [16] [17] We have previously demonstrated that MLV-based RRVs containing transgenes inserted at the env-3′ untranslated region border can stably propagate over multiple infection cycles and transmit the inserted transgenes throughout a solid tumor in vivo, without detectable spread to extratumoral tissues. [18] [19] [20] Nonetheless, it would be advantageous to incorporate additional mechanisms so that RRVs selectively target tumor cells and thereby minimize the risk to normal tissues. A practicable approach for tissue-specific targeting of RRVs might be to replace the transcriptional control elements within the long terminal repeat (LTR) with tissue-specific promoters. [21] [22] [23] It was found that introducing prostate-specific probasin promoters to the LTR of RRVs resulted in both the replication and transgene expressions of RRVs being transcriptionally targeted to prostate cells. 24 In the present study, we investigated whether such a targeting strategy could be applied to target RRV replication to hepatocellular carcinoma (HCC) cells.
Transcriptional targeting of replication-defective retrovirus vectors to HCC cells can be achieved by introducing a human α-fetoprotein (AFP) promoter into the vector. 25, 26 In the present study, we characterized two RRVs targeted to HCC by replacing the U3 region of LTR with a sequence consisting of the AFP core promoter fused to the AFP enhancer domain B or the enhancer II (EII) of the human hepatitis B virus (HBV). The 192-bp AFP enhancer domain B contains one hepatocyte nuclear factor (HNF)-1, one HNF-3 and two CCAAT/enhancer binding protein binding sites, and it has been shown to play a major role in the tissuespecific enhancement of the AFP promoter in HCC. 27 The 155-bp HBV EII consisting of one HNF-3, one HNF-4, two CCAAT/enhancer binding protein sites and some binding regions for other hepatic transcription factors has also been found to greatly enhance liverselective transcriptional activity. 28 Our results show that the RRV with the U3 region replaced with a hybrid sequence of HBV EII and AFP core promoter expresses a high level of HCC-specific transcriptional activity. Furthermore, the growth of HCC infected with the targeted RRV carrying the yeast cytosine deaminase (CD) 29 or the Escherichia coli purine nucleoside phosphorylase (PNP) 30, 31 suicide gene was suppressed in the presence of their respective prodrugs: 5-fluorocytosine (5-FC) and fludarabine phosphate (F-araAMP). Our results demonstrate that highly efficient and tumor-specific cell killing can be achieved both in vitro and in vivo, and furthermore that progressive and stable suicide gene transduction by transcriptionally targeted RRVs represents a unique property for achieving long-term therapeutic benefits.
RESULTS

Transcriptional activity of hybrid MLV LTRs in human cell lines
We constructed two hybrid MLV LTRs incorporating sequences from the AFP promoter. The hybrid LTRs were generated by replacing the MLV U3 with a sequence consisting of the AFP enhancer domain B and the AFP core promoter or a chimeric sequence consisting of the HBV EII and the AFP core promoter. The resulting hybrid LTRs were designated EAFP and EIIAFP, respectively. The EAFP, EIIAFP and wild-type MLV LTRs were inserted into the promoterless luciferase reporter plasmid pGL4basic to generate pGL4-EAFP, pGL4-EIIAFP and pGL4-LTR, respectively ( Figure 1a ).
HEK293, U-87, MCF-7, Huh-7 and HepG2 cells were transfected with pGL4-EAFP and pGL4-EIIAFP to determine the transcriptional activity of the hybrid LTRs. As a positive control, pGL4-LTR containing the wild-type MLV LTR was used in parallel transfections. In non-HCC cells, including HEK293, U-87 and MCF-7, the wild-type LTR exhibited a high level of transcriptional activity, in contrast with the very low luciferase activities driven by EAFP and EIIAFP ( Figure 1b ). In the HCC cells Huh-7 and HepG2, both EAFP and EIIAFP were much more potent than wild-type LTR, increasing luciferase expression to levels at least fivefold higher than that for wild-type LTR. Together, these results show that the wild-type LTR possesses a universal transcriptional ability, and that hybrid LTRs exhibit HCC-specific transcriptional activity.
Evaluation of AFP protein levels in human cell lines
To evaluate whether AFP was expressed in an HCC-specific manner, we collected and quantified the supernatants harvested from cultured HepG2, Huh-7, THLE-2, U-87 and HEK293 cells. The AFP levels of the two HCC cell lines were found to be 4700-fold higher than that of the three non-HCC cell lines (Table 1) . Notably, the human liver epithelial cell line THLE-2 exhibited an extremely low level of AFP. Such differential expression of AFP between THLE-2 and HCC cells was strongly suggestive of the potential utility of hybrid LTRs in achieving HCC-specific transcription.
Replication of targeted vectors in HCC and non-HCC cells
To evaluate the ability of the hybrid LTRs to support HCC-specific transcription and replication of RRVs, we replaced the 3′ LTR of the RRV plasmid pACE-GFP with each of the two hybrid LTRs, producing two plasmids: pACE-GFP-EAFP and ACE-GFP-EIIAFP ( Figure 2a ). Various cell lines were infected with the virus vectors ACE-GFP, ACE-GFP-EAFP or ACE-GFP-EIIAFP at a multiplicity of infection of 0.05, and the replication kinetics of each vectors were measured by flow-cytometry analysis for green fluorescent protein (GFP) expression at each passage. As expected, the ACE-GFP vector could efficiently replicate in all cell lines tested, including HEK293, U-87, Huh-7, HepG2, MCF-7, T-47D and THLE-2, and achieved complete transduction to each cell line (Figure 2b and Supplementary Figure 1 ). Huh-7 and HepG2 cells infected with ACE-GFP-EAFP or ACE-GFP-EIIAFP exhibited progressively increased transduction levels; however, there was no evidence of replication of either vector in non-HCC cells. In particular, ACE-GFP-EIIAFP replicated markedly faster than ACE-GFP-EAFP and slightly slower than ACE-GFP in HepG2 cells, indicating that the higher level of transcriptional activity of EIIAFP relative to that of EAFP enabled a more rapid spread of the vector.
Genetic stability and promoter specificity of ACE-GFP-EIIAFP during prolonged replication We subjected ACE-GFP-EIIAFP to six serial infection cycles in HepG2 cultures and isolated genomic DNA from each cycle in order to investigate the genetic stability of the vector after long-term propagation. PCR was used to amplify the IRES-GFP cassette and hybrid LTR EIIAFP from the integrated ACE-GFP-EIIAFP provirus, and the resulting products were resolved on agarose gels. The full-length IRES-GFP and hybrid LTR sequences were the predominant species amplified in the HepG2 culture of each infection cycle, indicating that the vector genome is highly stable after long-term propagation in vitro (Figures 3a and b ).
To examine the genetic integrity of the hybrid LTR following serial infection cycles, the hybrid LTR of integrated ACE-GFP-EIIAFP provirus from the sixth infection cycle was amplified by PCR, cloned and sequenced. Sequence analyses of the hybrid LTR obtained from six randomly chosen clones revealed that few point mutations occurred in the AFP core promoter, whereas barely any mutations were located in the six clones in any known transcription factor binding sites ( Figure 3c ). This indicated that the genetic integrity of the hybrid LTR was stably maintained during long-term propagation of the vector. The maintenance of the HCC specificity of serially passaged ACE-GFP-EIIAFP was further confirmed by the absence of replicative spread of the vector in THLE-2, HEK293 and MCF-7 cells exposed to viruses from each of the six infection cycles (data not shown).
Tissue-specific cytotoxicity achieved by EIIAFP-targeted RRVs
To convert the RRV into a therapeutic reagent, the CD and PNP coding sequences were cloned from pACE-CD 20 and pACE-PNP 16 and used to replace the GFP gene in pACE-GFP-EIIAFP, producing pACE-CD-EIIAFP and pACE-PNP-EIIAFP, respectively. We have previously confirmed the expression levels of CD and PNP using western blot analysis, indicating efficient expression of the CD and PNP gene products in cells after RRV transduction. 16, 32 To determine the functional dose range for the prodrugs used, HepG2 cells were incubated with 5-FC or F-araAMP at various concentrations, and the remaining viable cells were examined 4 days later. The half-maximal inhibitory concentration values of 5-FC and F-araAMP were determined as~4.0 mM and~3.5 μM, respectively (data not shown). In HepG2 cells, transduction by ACE-CD or ACE-CD-EIIAFP without adding the 5-FC prodrug had no significant effect on cell viability. Exposure to 0.5 mM 5-FC produced potent cell killing in both the ACE-CD-and ACE-CD-EIIAFP-transduced HepG2 cells ( Figure 4a ). Similar results were obtained when HepG2 cells transduced by ACE-PNP or ACE-PNP-EIIAFP were exposed to 0.5 μM F-araAMP prodrug (Figure 4b ). For non-HCC cells such as U-87, the viability of ACE-PNP-transduced cells was also decreased by exposure to F-araAMP. In contrast, the viability of ACE-PNP-EIIAFP-transduced U-87 cells was not significantly affected by the presence of F-araAMP ( Figure 4c ). These results demonstrate that tissue-specific cytotoxicity can be achieved by the transduction of cells with EIIAFP-targeted RRVs followed by prodrug administration.
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Replicative spread of RRVs in vivo
To examine the replication efficiency of HCC-targeting RRV in vivo, we injected a single low dose of ACE-GFP-EIIAFP (1 × 10 4 transducing units (TUs)) into a pre-established subcutaneous HepG2 tumor model and observed the spread of the vector in tumors by quantifying the GFP expression of resected tumors at M P1 C1 C2 C3 C4 C5 C6 N 1.5 kb various time points. As expected, the percentage of GFP-positive cells in the tumors was low (~0.1%) at 1 week after vector injection, but thereafter increased rapidly over time, so that ∼ 7.7% of the cells in the tumors were GFP positive at 7 weeks, demonstrating that ACE-GFP-EIIAFP is capable of efficient replication in HepG2 solid tumors ( Figure 5 ). In addition, we examined the distribution of ACE-GFP-EIIAFP in the animals by performing a quantitative real-time PCR analysis of genomic DNA extracted from tumors and extratumoral organs using primers specific for the 4070A amphotropic envelope. As expected, the vector could be readily detected in the transduced HepG2 tumors by PCR amplification of the envelope sequence. However, no RRV signal was detectable in genomic DNA from liver, spleen and bone marrow in the same animals (data not shown). The HCC specificity of ACE-GFP-EIIAFP was also confirmed by the lack of replicative spread of the vector in subcutaneous U-87 tumors in vivo (data not shown).
We also compared the spreading efficiency of ACE-GFP and ACE-GFP-EIIAFP in vivo by preparing a cell mixture in which HepG2 cells infected with either vector were mixed with uninfected HepG2 cells at a ratio of 1% of the cell population, and then subcutaneously implanting this mixture into nude mice. In flowcytometry analysis of resected tumors, the percentages of GFPpositive cells were determined to be 57.1 ± 18.3% (ACE-GFP) and 43.1 ± 7.1% (ACE-GFP-EIIAFP) at 7 weeks after tumor implantations, indicating that the replication of ACE-GFP-EIIAFP in the tumors was efficient, although slightly attenuated.
In vivo suicide gene therapy
To determine whether a low ratio of tumor cells expressing RRVs could achieve tumor suppression, we applied the prodrug 5-FC to mice bearing subcutaneous HepG2 tumors in which 1% of the cells initially expressed ACE-CD-EIIAFP. The growth of the subcutaneous tumors was significantly inhibited immediately after 5-FC administration, indicating the therapeutic effect achieved by RRV-mediated replicative spread of the CD transgene within the tumors (Figure 6a ). To determine whether delivery of the CD gene mediated by direct inoculation of RRVs could suppress tumor growth, we injected a single total dose of 5 × 10 5 TUs of ACE-CD-EIIAFP or phosphate-buffered saline into a preestablished subcutaneous HepG2 tumor model. When the mean tumor volume reached ∼ 200 mm 3 , the mice received intraperitoneal injections of 5-FC every other day, and tumor size was monitored. Treatment with ACE-CD-EIIAFP plus 5-FC resulted in a significant suppression of tumor growth, indicating the potential utility of this strategy for HCC therapy (Figure 6b ).
DISCUSSION
Conventional replication-defective retrovirus vectors have largely failed to achieve significant transduction efficiencies and hence therapeutic benefits for cancer. 8 In contrast, RRVs have been considered to be a more efficient tool for delivering therapeutic genes to tumors. However, the potential for adverse events due to uncontrolled spread of the vectors has been a major concern. 33 This study evaluated the possibility of targeting replication of an RRV to HCC by replacing transcriptional control elements within the U3 region of the vector with a regulatory sequence consisting of the HBV EII and AFP core promoter. Our results indicate that this approach can be used to generate RRVs that replicate efficiently and selectively in HCC tissues. Others have recently attempted the tissue-specific replication of RRVs. Duerner et al. 34 replaced the wild-type envelope of RRV with a protease-activatable envelope to allow viral replication in matrix metalloproteinase-rich tissue only. Lin et al. 35 incorporated a hematopoietic lineage-specific micro-RNA target sequence in RRV to restrict viral replication in hematopoietic lineage-derived cells and lymphoid tissues. However, neither of these studies evaluated the therapeutic application of the vectors for specific types of cancer.
Our results demonstrate that a strong enhancer/promoter is required to support efficient virus vector replication. Despite the level of transcriptional activity in HepG2 cells being much higher for EAFP than for wild-type MLV LTR, the replication kinetics of the corresponding ACE-GFP-EAFP vector were slow. The inclusion of the more effective EIIAFP in ACE-GFP-EIIAFP resulted in greatly improved replicative efficiency. In addition, the stability of the targeting sequences during virus vector replication would be a major concern when using a transcriptionally targeted RRV. Our results indicate that the EIIAFP sequence is faithfully preserved over multiple infection cycles, although a few mutations did occur in the AFP core promoter. In addition, the specificity of ACE-GFP-EIIAFP to HCC cells was found to be maintained after multiple infection cycles, further confirming the high stability of EIIAFP.
Transcriptionally targeted RRVs have been described previously, 24, 36 but this is the first comprehensive report of a therapeutic application for such vectors, displaying highly efficient tumor-cell-selective replication and effective suicide gene transduction and cell killing of HCC cells both in vitro and in vivo.
In vitro cytotoxicity studies have demonstrated highly efficient cell killing of HepG2 by EIIAFP-targeted RRVs ACE-CD-EIIAFP and ACE-PNP-EIIAFP, indicating that the gene-transfer efficiency of the vectors was as high as that of the untargeted vectors ACE-CD and ACE-PNP. For non-HCC cells such as U-87 glioma cell, the viability of ACE-PNP-EIIAFP-transduced cells was not significantly affected by the presence of F-araAMP (Figure 4c ), demonstrating that tissue-specific cytotoxicity can be achieved by transducing the cells with ACE-PNP-EIIAFP followed by prodrug administration. In addition, U-87 transduced with ACE-CD-EIIAFP should also be included in the experiments to demonstrate the tissue-specific cytotoxicity of ACE-CD-EIIAFP following 5-FC treatment. However, in Figure 2b we have shown that EIIAFP-targeted RRVs (ACE-GFP-EIIAFP) could not replicate in U-87. We therefore believe that switching of the PNP suicide gene to CD should not affect the tissue-specific targeting property of EIIAFP-targeted RRVs.
The additional advantage of this therapeutic strategy is that the expression of the CD and PNP suicide genes in HCC cells can achieve the direct intracellular generation of active antineoplastic agents by converting 5-FC and F-araAMP to 5-fluorouracil and 2-fluoroadenine, respectively. 37, 38 Both of these agents are freely diffusible across cell membranes, allowing them to spread from RRV-transduced to untransduced cells, thereby exerting more potent bystander effects on neighboring tumor cells. 31, 39 Our current in vivo results are consistent with and extend the findings of our previous study, 40 demonstrating that a single dose of cell-free vector supernatant followed by the administration of 5-FC was able to achieve profound inhibition of pre-established HCC xenografts. Certainly we agree that the PNP/F-araAMP suicide gene therapy system is more strongly cytotoxic to HepG2 cells in vitro (Figures 4a and b) ; however, the F-araAMP prodrug was found to be toxic in its own right after dephosphorylation to F-araA by plasma enzymes in vivo. 41, 42 In addition, F-araAMP itself is a chemotherapy drug used in the treatment of hematological malignancies. 43, 44 The CD/5-FC suicide gene therapy system was therefore chosen to reduce the unwanted cytotoxic effect of the prodrug itself, thus providing better experimental control for in vivo studies. Our in vivo investigation of vector spread in the present study as well as our experience from previous studies indicated that these animals were treated with 5-FC whereas their tumors were only partially transduced with ACE-CD-EIIAFP; therefore, growth would have presumably resumed in any untransduced tumor that did not experience bystander effects. This suggests that optimally effective doses of the RRV were not delivered, and that a higher or repeat dose of the RRV might help to achieve even more potent antitumor effects.
Notably, after intratumoral injection of ACE-GFP-EIIAFP in vivo, vector replication was restricted to the tumor tissue itself as demonstrated by real-time PCR analyses, indicating that introducing EIIAFP results in a vector with a high degree of tumor selectivity. The presented results indicate that the use of transcriptionally targeted RRVs may represent a promising therapeutic strategy for HCC because of their ability to efficiently and selectively transduce tumor cells in vivo, achieving stable integration and persistent transgene expression concomitant with progressive virus replication within the tumor.
MATERIALS AND METHODS
Cell lines
The human embryonic kidney cell lines HEK293 and 293T, 45 
AFP enzyme-linked immunosorbent assay
The supernatants of cultured cells were collected after brief centrifugation and the numbers of cells in the same dish were calculated at the day of harvest. The concentrations of secreted AFP in the supernatants were quantified using an enzyme-linked immunosorbent assay (ELISA) kit (Johnson and Johnson, New Brunswick, NJ, USA).
Construction of plasmids
To construct plasmids pACE-GFP-EAFP and pACE-GFP-EIIAFP, we replaced the 3′ LTR of pACE-GFP from the NheI site to the SacI site just upstream of the MLV TATA box with a 417-bp sequence consisting of the AFP enhancer domain B and the AFP core promoter or a 359-bp chimeric sequence consisting of the HBV EII and the AFP core promoter, respectively. The AFP core promoter and enhancer B were amplified from human genomic DNA by PCR and HBV EII was amplified from the plasmid HBV/pGem3Z that contains a HBV genome (courtesy of Dr HL Wu, Hepatitis Research Center, National Taiwan University Hospital, Taipei, Taiwan). Luciferase reporter constructs were generated by using pGL4-basic (Promega, Madison, WI, USA). The sequence of the wild-type MLV LTR and both hybrid LTRs was amplified from pACE-GFP, pACE-GFP-EAFP and pACE-GFP-EIIAFP by using a 5′ primer containing an Acc65I site and a 3′ primer containing an XhoI site. These PCR products were then introduced into pGL4-basic at the Acc65I and XhoI sites to generate pGL4-LTR, pGL4-EAFP and pGL4-EIIAFP. To construct plasmids pACE-CD-EIIAFP and pACE-PNP-EIIAFP, we replaced the GFP gene in pACE-GFP-EIIAFP between the IRES and 3′ untranslated region with the CD and PNP coding sequences from pACE-CD and pACE-PNP, respectively.
Luciferase assay
Cultured cells at ∼ 70% confluence in 6-well plates were transfected with 2 μg of pGL4 plasmids by using Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA). Each culture was co-transfected with 2 μg of pGFPemd-CMV (PerkinElmer Life Sciences, Boston, MA, USA) to control for transfection efficiency. At 48 h post transfection, cells in each well were subjected to Luciferase Assay System (Promega) for luciferase activity and flowcytometry analysis for GFP expression. 
Virus vector production and infection
PCR analysis and sequencing
The IRES-GFP cassette of the integrated ACE-GFP-EIIAFP provirus was amplified by PCR by using Taq DNA Polymerase Master Mix Red (Ampliqon, Odense M, Denmark), an upstream primer that binds just upstream of IRES (5′-TTACCACCTTAATCTCCACCATCA-3′), and a downstream primer that binds just downstream of GFP (5′-CCCCCCTTTTTCTGGAGACTAA-3′). The PCR products were resolved on agarose gels and visualized by ethidium bromide staining. In addition, the promoter region in the 5′ LTR of the provirus was amplified by PCR by using an upstream primer that binds the 18 5′-terminal nucleotides of the 5′ LTR U3 region (5′-AAAGA CCCCACCCGTAGG-3′) and a downstream primer that binds the MLV packaging signal (5′-GGTGTTCCGAACTCGTCAG-3′). The PCR products were separated by gel electrophoresis, purified with a QIAquick gel extraction kit (Qiagen, Valencia, CA, USA), cloned into the yT&A cloning vector (Yeastern Biotech, Taipei, Taiwan) and sequenced.
In vitro cytotoxicity experiments
Uninfected, ACE-CD-transduced or ACE-CD-EIIAFP-transduced HepG2 cells were seeded onto replicate 96-well plates (2 × 10 3 cells per well). After overnight culture, the cells were exposed to 0.5 mM 5-FC (Sigma) or to control medium without 5-FC, and cell viability was determined 4 days after 5-FC treatment with MTS assay using the CellTiter Aqueous One Solution Cell Proliferation Assay kit (Promega). Similarly, the viabilities of ACE-PNP-or ACE-PNP-EIIAFP-transduced HepG2 and U-87 were measured with MTS assay 4 days after treatment with 0.5 μM F-araAMP (Berlex Laboratories, Richmond, CA, USA). Viral replication assay in vivo in subcutaneous tumor models 2 × 10 7 HepG2 cells mixed with Matrigel (Becton Dickinson) were subcutaneously injected into the right dorsal flank of BALB/c nude mice (National Laboratory Animal Center, Taipei, Taiwan). When the tumor volumes reached ∼ 50 mm 3 , 1 ×10 4 TUs of ACE-GFP-EIIAFP vector was injected into the center of each tumor. At various time points (1, 3, 5 and 7 weeks) post virus injection, the tumors were excised and digested with collagenase (Invitrogen). The dissociated cells were filtered through a 100-μm cell strainer, pelleted by centrifugation, resuspended in culture medium containing 50 μM AZT and plated onto culture dishes. After overnight culture, the cells were trypsinized and immediately subjected to flow cytometry for GFP expression analysis. In a separate experiment, BALB/c nude mice were subcutaneously inoculated with cell suspensions (2 × 10 7 ) consisting of ACE-GFP-EIIAFP-transduced or ACE-GFP-transduced HepG2 mixed with uninfected HepG2 at a ratio of 1% of the cell population. At 7 weeks after tumor implantation, tumor cells were harvested as previously described and subjected to flow cytometry for GFP expression analysis.
Real-time PCR
To detect any integrated RRV sequences in genomes, real-time PCR was performed using an ABI Prism 7700 sequence detector (Applied Biosystems, Foster City, CA, USA). The primers were designed to target the 4070A amphotropic envelope gene (forward: 5′-ACCCTCAA CCTCCCCTACAAG-3′; reverse: 5′-GTTAAGCGCCTGATAGGCTC-3′). Apolipoprotein B gene for precise amounts of input genomic DNA was also quantified as an internal control (forward primer: 5′-CACG TGGGCTCCAGCATT-3′; reverse primer: 5′-TCACCAGTCATTTCTGCCTTTG-3′). Real-time PCR was done in 25 μl of reaction mixture containing genomic DNA extracted from tumors and extratumoral organs, 12.5 μl of 2 × SYBR green real-time PCR master mix (Toyobo, Osaka, Japan) and 300 nM of each primer. Each sample was analyzed in triplicate, using 15 ng of genomic DNA in each reaction. Products were amplified by 45 cycles of successive incubation at 95°C for 15 s and at 60°C for 1 min. A standard curve for RRV copy number was generated by amplification of serially diluted RRV plasmid at specific copy numbers mixed into genomic DNA from spleen cells of uninfected mice.
In vivo HCC therapy by HCC-targeting RRV Ten nude mice were subcutaneously inoculated with cell suspensions (2 × 10 7 ) consisting of ACE-CD-EIIAFP-transduced HepG2 mixed with uninfected HepG2 at a ratio of 1% of the cell population. When the tumors were ∼ 400 mm 3 in size, five mice received intraperitoneal injections of 500 mg kg − 1 5-FC, once every other day whereas the remaining five mice received phosphate-buffered saline injections. The tumor volumes were measured every 3-4 days. In a second experiment, nude mice were inoculated with 2 × 10 7 HepG2 cells into the right dorsal flank. When the tumor volumes reached ∼ 50-60 mm 3 , 5 × 10 5 TUs of ACE-CD-EIIAFP or 50 μl of phosphate-buffered saline was injected into the center of each tumor. At 2 weeks after intratumoral injections of the vector or phosphate-buffered saline, all mice received intraperitoneal injections of 500 mg kg − 1 5-FC, once every other day.
Statistical analysis
Student's t-tests were performed for statistical analysis of cell viability, luciferase activity, GFP fluorescence and tumor volume.
